Resonant inelastic X-ray scattering (RIXS) experiments performed at the oxygen-K edge on the iridate perovskites Sr2IrO4 and Sr3Ir2O7 reveal a sequence of well-defined dispersive modes over the energy range up to ∼ 0.8 eV. The momentum dependence of these modes and their variation with the experimental geometry allows us to assign each of them to specific collective magnetic and/or electronic excitation processes, including single and bi-magnons, and spin-orbit and electron-hole excitons. We thus demonstrated that dispersive magnetic and electronic excitations are observable at the O-K edge in the presence of the strong spin-orbit coupling in the 5d shell of iridium and strong hybridization between Ir 5d and O 2p orbitals, which confirm and expand theoretical expectations. More generally, our results establish the utility of O-K edge RIXS for studying the collective excitations in a range of 5d materials that are attracting increasing attention due to their novel magnetic and electronic properties. Especially, the strong RIXS response at O-K edge opens up the opportunity for investigating collective excitations in thin films and heterostructures fabricated from these materials.
Resonant inelastic X-ray scattering (RIXS) experiments performed at the oxygen-K edge on the iridate perovskites Sr2IrO4 and Sr3Ir2O7 reveal a sequence of well-defined dispersive modes over the energy range up to ∼ 0.8 eV. The momentum dependence of these modes and their variation with the experimental geometry allows us to assign each of them to specific collective magnetic and/or electronic excitation processes, including single and bi-magnons, and spin-orbit and electron-hole excitons. We thus demonstrated that dispersive magnetic and electronic excitations are observable at the O-K edge in the presence of the strong spin-orbit coupling in the 5d shell of iridium and strong hybridization between Ir 5d and O 2p orbitals, which confirm and expand theoretical expectations. More generally, our results establish the utility of O-K edge RIXS for studying the collective excitations in a range of 5d materials that are attracting increasing attention due to their novel magnetic and electronic properties. Especially, the strong RIXS response at O-K edge opens up the opportunity for investigating collective excitations in thin films and heterostructures fabricated from these materials.
Characterizing the elementary excitations in correlated electron systems is an essential prerequisite for obtaining a complete understanding of the underlying electronic interactions and therefore crucial for revealing the origin of emergent phases [1] . Resonant inelastic X-ray scattering (RIXS) has become established in the past decade as a powerful tool for studying the momentum dependence of electronic and magnetic excitations [1] . Of particular interest is RIXS at the transition-metal (TM) L 2,3 edges. Because of the strong spin-orbit coupling (SOC) in the 2p 3 2 , 1 2 level of the intermediate state, single spin-flip excitations are directly allowed at TM-L 2,3 edges [2] [3] [4] , making TM-L 2,3 RIXS specially suited for investigating the magnetic dynamics in 3d (cuprates and iron-pnictides) [2] [3] [4] [5] [6] [7] [8] [9] [12] [13] [14] and 5d (iridates and osmates) systems [8] [9] [10] [11] 19] .
While the Mott state in cuprates is dominated by strong on-site electron correlation (U ), the J eff = 1 2 Mott state in 5d 5 iridates is driven by collaborative strong SOC (∼ 0.5 eV) and intermediate U (∼ 2 eV) under strong octahedral crystal electric field [18] . Because of their novel Mott physics and certain parallelism with cuprates, layered iridates (Sr 2 IrO 4 and Sr 3 Ir 2 O 7 ) have attracted substantial research interest [8] [9] [10] [11] 18] [Figs. 1(a)-(c)]. More recently, thin films and heterostructures of perovskite iridates have been suggested to host non-trivial topological states [21] [22] [23] and triggered a new wave of studies on artificial structures [24] [25] [26] . However, measuring elementary excitations using Ir-L RIXS on artificial low-dimensional samples requires longer counting time than that on bulk crystal because 11 keV of X-ray has ∼ 10µm [27] of attenuation length while artificial thin film and superlattice are usually much thinner (∼ 10 − 100nm) [7, 8, 25, 26] .
RIXS at O-K edge (O 1s to O 2p, ∼ 530 eV) offers unique opportunities in probing the elementary excitations in 4d and 5d TM oxides [12, 13] with high energy resolution ( ∼ 45 meV) [22, 31] . Although O-K RIXS has much smaller attenuation length ( 100nm) than Ir-L RIXS, a comparison between O-K and Ir-L 3 spectra measured on Sr 2 IrO 4 suggests that they have comparable counting efficiency (SFig. 6 in [32]). Therefore, soft x-ray RIXS is a promising method for studying artifi- cial two-dimensional samples [7, 8] . However, given that SOC is absent in O 1s level, O-K RIXS is expected to be insensitive to single spin-flip excitations [13] [14] [15] . This would severely limit the applicability of O-K RIXS on iridates and related 5d TM oxides, especially thin films and heterostructures fabricated by these materials, where magnetic excitations need to be studied for probing the low energy Hamiltonian [8] [9] [10] [11] . Although SOC is absent in O 1s orbital, it exists in the Ir 5d shell which strongly hybridizes with O 2p orbitals. This could allow single spin-flip processes at O-K edge. Indeed, Kim et al. [19] proposed that single spinflip excitations will be intense at Γ point for O-K RIXS if strong SOC is present in TM d orbitals and space inversion symmetry at oxygen sites is broken. However, the symmetry analysis in Ref. [19] is only viable for q = 0 and π of a one-dimensional distorted Ir 1 -O 1 -Ir 2 -O 2 periodic arrangement [black dashed line in Fig. 1(a) ], which is far from the situations for real iridate materials, such as the Perovskite layered iridates (Sr 2 IrO 4 and Sr 3 Ir 2 O 7 ) bearing special interests. Later, O-K RIXS measurements on a Sr 2 IrO 4 thin film reported the possible observation of single magnons at low q but failed to observe the corresponding dispersion that can conclusively determine the single-magnon nature of the observed signal [41] . Therefore, the capability of O-K RIXS on probing magnetic excitations of iridates remain to be explored experimentally. In addition, the origin of some collective modes being important for understanding the charge dynamics, is still under debate [9, 42] and requires further experimental studies.
In Fig. 1(g) ].
The Sr 2 IrO 4 and Sr 3 Ir 2 O 7 single crystals used in this study were grown by the flux method [46, 47] . The x-ray absorption (XAS) and RIXS measurements were carried out at the ADRESS beamline of the Swiss Light Source at the Paul Scherrer Institut [48] , with both π and σ polarizations [ Fig. 1(d) ]. The scattering angle was set to 2θ s = 130 o , by which a substantial area of the first Brillouin zone is accessible [pink circle in Fig. 1(b) ]. The measurements were performed along two high symmetry directions [H, 0] and [H, H] in tetragonal notation with a = b ≈ 3.9 Å. The energy resolution for the RIXS measurements was set to 65 meV. The in-plane momentum q can be tuned continuously by rotating the sample and thereby changing the angle (δ) [ Fig. 1(d Without any doubt, A and A' can be attributed to single magnons, proving that O-K RIXS is sensitive to single magnons in the iridates with strong SOC in 5d shell and broken inversion symmetry at oxygen sites [19] . The large magnon gap (∼ 90 meV) in Sr 3 Ir 2 O 7 was explained to be driven by strong magnetic anisotropy associated with SOC [10, 11] . The smaller magnon gap in Sr 2 IrO 4 (∼ 40 meV) is consistent with an Ir-L 3 RIXS report [9] and was described by including an XY anisotropic term [20, 44] into the Heisenberg model described in Ref. [8] .
Besides the dispersions, we find that the single magnons persist in the whole momentum space measured with undiminished spectral weight [Figs. 2 and 3] , therefore sorting out the momentum dependence of the magnon intensity, which was not settled in previous studies [19, 41] .
Energy Loss (eV) The fitting in Fig. 2 Fig. 4 ], which show similar dispersions to the corresponding single magnons. This feature can be attributed to bimagnons, because (1) their energy scales are consistent with the bimagnons (160 meV for Sr 2 IrO 4 and 185 meV for Sr 3 Ir 2 O 7 ) measured by Raman scatter-ing [21] and (2) their dispersions are in agreement with those measured by Ir-L 3 RIXS [9] [10] [11] . Note that the bimagnons of cuprates measured by O-K RIXS are nondispersive [14, 15] . The presence of both single magnons and bimagnons indicates that O-K RIXS is a powerful spectroscopic method for studying the magnetic dynamics of iridates. . The red open circles are the single magnon energies extracted from previous Ir-L3 RIXS measurements [8, 11] . The black open diamonds denote the dispersions of the excitonic quasiparticles extracted from Ref. [9, 51] . The black curve in (a) is a theoretical fit of the magnon dispersion using a Heisenberg model reported in [20, 44] . The black and red curves in (b) are transverse and longitudinal magnon dispersions for Sr3Ir2O7 using the quantum-dimer model reported in [11] . The blue dashed curves are the expected lower bound of the bimagnon continuum.
In addition to the magnetic excitations, O-K RIXS also reveals the dispersive spin-orbit excitons (B and C) in Sr 2 IrO 4 [ Fig. 1(c) ] as observed in previous Ir-L 3 RIXS experiments [9, 23] . C can be easily attributed to a spinorbit exciton mode (at ∼ 0.7 eV) that exhibits minor dispersion and strong intensity [9, 23] . The mode B finds direct correspondence with the excitonic quasiparticle (spin-orbit exciton "dressed" by magnons) reported in Ref. [9] , because of their coincidence in dispersion [ Fig.  4(a) ] and similarities in band width [ Figs. 2(a) and 4(a) ]. Furthermore, the intensity of B increases while approaching normal incidence from grazing incidence [ Fig. 2(a) ]. This incident-geometry dependence of intensity is also consistent with that for the excitonic quasiparticles [9] and therefore corroborates this identification. The spinorbit exciton modes B and C arise from the electronic transitions from j = 3 2 quartet to j = 1 2 doublet, with B arising mainly from the |j = 3/2, j z = ±3/2 > doublet, while C bears mostly |j = 3/2, j z = ±1/2 > character. The energy difference between B and C (∆ BC ≈ 150 meV) reflects the splitting of the j = 3 2 band, which is caused by the tetragonal distortion of the IrO 6 octahedra [9] .
A similar analysis can be applied to the collective modes B' and C' in Sr [9, 52] .
The sharp collective mode E below 0.4 eV is an intriguing feature whose origin is still under debate [9, 42] . It was firstly suggested to be an electron-hole exciton at the edge of the electron-hole continuum, which has a threshold at about 0.41 eV [9, 52, 53] [ Fig. 1(c) ]. Alternatively, it was explained as driven by a Jahn-Teller effect with strong SOC [42] . In our measurements, E decreases in intensity with increasing temperature and disappears at 300 K [SFig. 7 of the supplemental material] [32]. This is consistent with the decrease and broadening of the electron-hole continuum threshold at high temperatures as indicated by optical conductivity measurements [53] . The absence of E in Sr 3 Ir 2 O 7 [Figs. 2 and 3] can also be unified in this exciton picture, as the much smaller charge insulating gap (∼ 130 meV) and the broader bandwidth of Sr 3 Ir 2 O 7 could smear this exciton and push it to lower energy (∼ 100 meV) [37, 54] .
The excitonic quasiparticles B and B' (|j = 3/2, j z = ±3/2 > to |j = 1/2, j z = ±1/2 >) deserve special attention. The propagation of the excitonic quasiparticles in the antiferromagnetic context creates flipped spins along their hopping path [9] . Moreover, B and B' are magnetic dd excitations in nature. From the selection rules for dipolar transitions, ∆j z = 0, ±1, it follows that B/B' contains only spin-1 magnetic components, which usually rotates the photon polarization by π/2, the same as the single spin-flip excitations. This is consistent with previous theoretical calculations [19] , which also generate magnetic dd excitations within 5d t 2g orbitals of Sr 2 IrO 4 . Therefore, we conclude that the excitonic quasiparticles observed by O-K RIXS are magnetic orbital excitations "dressed" by magnons. The spin-orbit exciton mode C/C' consists of both non-magnetic and magnetic components.
The capability of O-K RIXS in probing magnetic excitations in iridates is driven by the strong SOC in the Ir 5d shell and hybridization between Ir 5d t 2g and O 2p orbitals because spin is not a good quantum number in Ir 5d t 2g states, indirect electronic transitions between Ir 5d t 2g orbitals and O 1s states via strong O 2p-Ir 5d hybridization allow flipping of the j = In conclusion, our results on Sr 2 IrO 4 and Sr 3 Ir 2 O 7 and their comparison with previous Ir-L 3 RIXS results have established the capability of O-K RIXS in probing single magnons and excitonic quasiparticles over a substantial part of the first Brillouin zone of layered iridates, which host strong SOC-entangled states in 5d orbitals. O-K RIXS has high energy resolution for studying most 5d TM oxides [31] . Since O-K RIXS usually generates strong RIXS response within a small attenuation length, its unique capabilities in probing elementary excitations provide a new method for investigating 5d TM oxides, especially for artificial thin films, heterostructures and superlattices.
The work at PSI and EPFL is supported by the Swiss National Science Resonant inelastic x-ray scattering (RIXS) is a photonin-photon-out scattering technique suitable for measuring elementary excitations of condensed matter systems [1] . In RIXS, the incident photon energy is tuned to an x-ray absorption edge of certain element to enhance the cross sections for specific elementary excitations [1] . At the transition-metal (TM) L 2,3 edges, the incident photons excite a 2p core electron (with spin σ) into the outer d shell, leaving a core hole in the 2p state. Because of the strong spin-orbit coupling (SOC) in TM 2p shell, SOC-entangled 2p 3 2 , 1 2 states are formed, where spin is no longer a good quantum number [2] . In the subsequent relaxation process, an electron with spin −σ can therefore fill the core hole. The net result of this RIXS process is a spin-flip excitation. Therefore, single spin-flip excitations are directly allowed at TM-L edge, driven by the strong SOC in the 2p core level [2] [3] [4] . TM-L RIXS is usually performed at the
Different from TM-L 3 edge, oxygen-K (O-K) edge involves O 1s − 2p electronic transitions. Since SOC is absent at s level, single spin-flip excitations are assumed to be forbidden at O-K edge [1] , as supported experimentally by previous RIXS reports on various 3d and 4d TM oxides [12] [13] [14] [15] . However, considering the strong SOC in 5d levels of various 5d TM oxides such as iridates and strong hybridyzation between TM 5d orbitals and O 2p orbitals [16] [17] [18] , exploring single spin-flip excitation via O-K RIXS could be possible. A theoretical proposal from Kim et al. [19] suggested that single magnons and magnetic orbital excitations could be allowed in Sr 2 IrO 4 , because of the strong SOC in Ir 5d t 2g orbitals and the broken space inversion symmetry at oxygen sites. Despite this, a conclusive experimental study demonstrating the capability of O-K RIXS in probing single spin-flip excitations is still lacking. [12, 13] . The white dashed lines mark the resonant absorption energies.
SFig. 1 depicts the whole E i -dependent RIXS map for Sr 2 IrO 4 . Besides the Raman features marked in Fig.  1(e) , excitations at ∼ 3.5 eV, 6.5 eV and 8.8 eV [SFig. 1(a)] containing Raman components have also been observed near the resonant energy associated with the Ir t 2g yz/zx orbitals (∼ 529.6 eV) using π polarized photons. The excitations at ∼ 3.5 eV can be attributed to the main O 2p decay channel with strong signature of the dd excitations between Ir t 2g and e g orbitals observed at O-K edge due to the strong O2p−Ir5d hybridization. The excitations above 6 eV can be ascribed to charge transfer excitations. Above the resonant energy, strong fluorescence appears at energy loss above 2 eV.
SFig. 1(b) shows the RIXS energy map measured with σ polarization between E i = 528 and 532 eV. Corresponding to the two resonant absorption peaks in Fig.  1(c) , the RIXS map in SFig. 1(b) also shows two resonant energies enhancing different excitations. Both energies enhance the spin-orbit exciton at ∼ 0.7 eV but fail to re- To show polarization dependence quantitatively, we compare the RIXS spectra collected at the three resonant energies [white dashed lines in SFig. 1] in SFig. 2. It is clear that all the Raman features are greatly enhanced at the plane-oxygen resonant energy with π polarization [yz/zx P in Fig. 1(c) ], which probes Ir d yz /d zx orbitals through their hybridization with p z orbitals of plane-oxygen ions [12] . This could be understood considering that all these collective modes propagate within the IrO 2 plane [8, 9] . The charge transfer excitations are also enhanced at yz/zx P (E i ≈ 529.6 eV, π polarization), and they can also be clearly observed when exciting at the plane-oxygen energy with σ polarization that probe the Ir t 2g xy orbital [xy P in Fig. 1(c) ]. In contrast, the charge transfer excitations are much weaker in the spectrum measured at the apical-oxygen resonant energy yz/zx A (E i ≈ 528.8 eV, σ polarization). Therefore, we speculate that the charge transfer process occurs mostly within the IrO 2 plane, in agreement with the single-layer structure of Sr 2 IrO 4 .
The same data analysis and interpretations can be applied to the polarization dependence of the grazing- incident spectra for Sr 3 Ir 2 O 7 . All the collective excitations favor the plane-oxygen resonant energy with π polarization [yz/zx P in Fig. 1(d) ] [SFigs. 3 and 4] . Because of the bilayer structure, the difference between the resonant energies yz/zx P and yz/zx A decreases to a much smaller value (∼ 0.2 eV) than that in Sr 2 IrO 4 , as shown in Fig. 1(d) and SFig. 3. The bilayer structure also increases the charge transfer excitations (above 5 eV) probed via the apical-oxygen resonant energy [yz/zx A in Fig. 1(d) Table I , in the unit of (π/a).
SFigure 5 shows δ dependence of RIXS spectra. SFigs. 5(a) and 5(b) show RIXS spectra for Sr 2 IrO 4 and Sr 3 Ir 2 O 7 at positive and negative sides of δ, which generate consistent dispersions for the collective modes [ Fig.  4 ]. On the other hand, it is well known that RIXS cross section is sensitive to incident geometry. As shown in SFigs. 5(a) and 5(b), all the collective excitations are clearly observed in negative δ (close to grazing incidence), while they are difficult to be identified and distinguished from each other in grazing exit side (δ > 25 o ), where the single magnon (A and A') and the spin-orbit exciton at ∼ 0.7 eV (C and C') become broader and less pronounced. However, the excitonic quasiparticles (B and B') are enhanced close to normal incidence (δ = 25 o ), which is consistent with previous results measured by Ir-L 3 RIXS [9] . All the spectra in Fig. 2, 3 and SFig. 5 are normalized to the charge transfer excitations in the energy range of [5, 11] eV, as indicated by vertical dashed lines in SFig. 5(c).
Comparison between O-K RIXS and Ir-L3 RIXS
A direct comparison between O-K RIXS and Ir-L 3 RIXS in measuring the same momentum can provide a compelling evidence for the capability of O-K RIXS in probing elementary excitations. For this purpose, we have measured the spectrum for Q = (0, 0) of Sr 2 IrO 4 using both O-K and Ir-L 3 RIXS [SFig. 6]. To make the comparison clear, the spectral intensity in SFig. 6 is plotted in log scale and a constant background (10) is added to the Ir-L 3 spectrum. It is clear that both spectra host similar collective modes at same energies, as marked by pink dashed lines in SFig. 6.
The single magnon exhibits substantial intensity and forms a peak at ∼ 40 meV overlapping with the elastic peak, consistent with recent Ir-L 3 results and the importance of the XY magnetic anisotropy in Sr 2 IrO 4 [9, 20] . The feature at about 200 meV could be attributed to bimagnon [21] , which is much stronger at O-K edge than that in Ir-L 3 edge [ Fig. 3 ]. We note that the bimagnons are as strong as the single magnons at the O-K edge. This may cause some difficulties in extracting the single magnons, which can be alleviated by better energy resolution, as has recently become available [22] .The spinorbit exciton at ∼ 0.7 eV and the excitonic quasiparticle at ∼ 0.55 eV were reported and interpreted in previous reports [8, 9] . The mode at ∼ 0.35 eV is an exciton mode at the verge of the electron-hole excitation continuum across the insulating gap [9, 23] . The coincidence of the collective mode energies between O-K and Ir-L 3 RIXS spectra demonstrates that O-K RIXS is capable of measuring single magnons and excitonic quasiparticles.
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